Understanding the formation of latent track by energetic heavy ions is important for the fields of nuclear waste disposal, nuclear fuel and modification of materials.
Rutile (TiO 2 ) polymorphs have widespread applications in solar cell 1, 2 , photocatalyst [3] [4] [5] , single-phase ceramic nuclear waste form 6, 7 and high dielectric gate insulator for the new generation of metal-oxide-semiconductor field-effect transistor (MOSFET) 8 . Ion irradiations in rutile are of importance because the physical, electronic and photocatalytic performance in TiO 2 can be significantly improved [9] [10] [11] [12] [13] [14] [15] .
As an example, ion implantation has been demonstrated to shift the absorption band to the visible light region in TiO 2 9-13 , whereas the wide bandgap in the conventional TiO 2 results in only about 3-5% of the total solar light for energy conversion. However, the failure of material used in nuclear waste form induced by fission fragment 6, 7 or breakdown of gate oxide in MOSFET caused by space irradiation 16 is harmful to the service life. Therefore, it is a long-standing objective in material science to understand the correlation between intrinsic properties and its behavior to energetic heavy ions.
In material irradiation society, insulator materials were simply classified into amorphizable materials and non-amorphizable materials, judging from the nature of ion track as amorphous or not. In this way, the insulator materials such as CaF 2 17,18 , UO 2 19,20 , CeO 2 21,22 , TiO 2 23,24 , yttria-stabilized cubic ZrO 2 (YSZ) 25, 26 , Gd 2 Zr 2 O 7 27 and apatite 28 are non-amorphizable materials. This is because their internal structure within an ion track is porous, or not amorphous, which is different from the amorphous tracks in amorphizable materials 29 . For amorphizable materials, the experimental track data usually coincide quite well with the calculations of the widely used inelastic thermal spike model (i-TS model) [30] [31] [32] [33] [34] , when the melting criterion is used. However, for non-amorphizable materials, the experimental diameters of ion track as obtained by transmission electron microscopy (TEM) are much smaller than the i-TS model calculations, if the melting criterion for track formation is still applied 25, 26, 35 . The i-TS model calculations are found to coincide with the TEM data in ion-irradiated CaF 2 when a boiling criterion replaces the melting one 35 . However, the use of boiling criterion is not supported by a recent TEM result that very low threshold (3 keV/nm) for track formation is found in 10-23 MeV I ion irradiated CaF 2 18 , because the electronic energy loss is not high enough to raise the track core to boiling temperature.
As a typical non-amorphizable material, rutile irradiated by swift heavy ions has been investigated intensely by TEM 23, 24, 36 , atomic force microscopy (AFM) [37] [38] [39] [40] [41] , Rutherford backscattering in channeling mode (RBS/C) 40 , and grazing-incidence small-angle X-ray scattering (GISAXS) 41 . Hillocks on the surface of specimen, after bombarded with swift heavy ions under normal or grazing incidence angle, were observed by AFM and scanning electron microscopy [37] [38] [39] [40] [41] . More recently, the conical tracks consist of an agglomeration of 1-2 nm sized features near surface of rutile, was observed by TEM 23, 24 . As the detailed morphology and structure of irradiation-induced damage along the entire length of ion tracks has not been revealed, the reduced internal pressure near surface of rutile has been considered responsible for the formation of conical morphology of ion track 24 .
In this study, by controlling the incident angle, we are able to observe the morphological change at each place along the entire length of an ion track in ion-irradiated rutile, which consists of a pair of hillocks on surfaces, a conical and porous ion track beneath the hillocks, and undamaged regime below the tracks. This full picture of the ion track allows us to systematically investigate the formation and structure of both damaged and undamaged regimes. Based on i-TS model, we give a new insight into the ion track formation for both amorphizable and non-amorphizable materials.
Results

Track morphology as a function of ion path length
Bright field TEM images show the ion tracks in lamella rutile induced by 1390
MeV Bi ions ( Fig. 1 ). An individual ion track appears as nearly cylindrical and continuous. It consists of irregular structures (Fig. 1a) , which have white core and dark fringe at under focus condition, dark core and white fringe at over focus condition, and little contrast at focus condition. This can be understood by Fresnel contrast, a typical TEM technique to view cavities or highly porous tracks 17, 21, 23, 28, 42, 43 .
At both ends of an ion track, circular features, which were assigned as spherical hillocks formation at the entrance and exit surfaces of ion trajectory 17, 21, 43 , are also visible. It was reported that the hillocks of irradiated rutile TiO 2 are crystalline 21 , just like the hillocks of irradiated CeO 2 21 , because the lattice spacing and orientation of the hillocks coincide with those of the matrix. In this study, the average size of the hillocks (10.2 ± 1.6 nm) is slightly larger than that of the corresponding track (8.4 ± 1.6 nm). Note that several small isolated islands are visible (Fig. 1a) , with an average diameter of the isolated islands about half of the hillocks. The inhomogeneous contrast inside the tracks can be identified clearly by HRTEM (Fig. 1b) . Except a few faceted structures, the voids appear almost irregular, significantly different from the well aligned, faceted anion voids, which are a sign of preferential creation voids along specific directions, in irradiated CaF 2 17 .
In Fig. 1c , the entire length of a sandglass-like structure in irradiated lamella rutile with Bi ions is visible by TEM under overfocused condition. The "waist" of the sandglass is marked by arrows. This sandglass-like morphology is different from the cylindrical morphology shown in Fig. 1a . It is not due to the reducing of electronic energy loss of 1390 MeV Bi ions in lamella rutile, because the electronic energy loss is almost unchanged (39.9 keV/nm) for such a short depth change in this thin sample.
Moreover, the narrow part is just in the middle of the tracks. We interpret this discrepancy in terms of the difference of ion path length. Note that the real ion path length of the two tracks in Fig. 1c is longer.
Our assumption that track morphologies are different for different ion path lengths is further confirmed, as an example is shown in Fig. 1d . In the bottom right corner, the morphology of the track (marked by 1) is similar to that of the tracks in Fig. 1c . It is interesting to note that in Fig. 1d , different track morphology can be seen in other locations as labeled by 2 and 3. For each track, there is always a pair of two hillocks on bottom and top surfaces, connecting a narrowing track near surface. However, as the track diameter decrease, the track appears as a continuous line at a shallow depth (as in 2), or as a discontinuous line (as in 3) at a deeper depth.
In Fig. 2 , a sketch is used in order to systematically describe the four different morphologies of ion track in rutile as a function of ion path length, based on our TEM observations.
Hillocks on surfaces
The topographies of the irradiated rutile surface were observed by AFM (Fig. 3) .
The hillocks induced by 1390 MeV Bi ions at a fluence of 5×10 11 cm -2 appear almost overlapped (Fig. 3a) . However, the estimated ratio of ion affected region should be only 39%, considering the diameter of the individual hillock being ~ 10 nm (Fig. 1 44 . By assuming that the spherical hillocks exactly protrude out of the specimen surface, as in the cases of the irradiated CeO 2 21 , we carefully used the average hillock height to represent the diameter of track, despite that the track diameter is slightly smaller than the spherical diameter of hillock ( Fig. 1 ). These hillock yields (η, hillock number/ion fluence) and heights (D h ) with standard deviation induced by Xe and Ta ions were analyzed using built-in analysis software through Gaussian fitting to the center heights of the hillocks. Considering the experimental errors (10-20%) in the ion fluence, one can conclude that an incident ion almost creates one hillock as the calculated hillock yield is about 80-100%. The heights of the hillocks are presented in Table 1 .
Alternatively, all of the corrected diameters of hillocks can be also obtained (Table   1) (Table 1) . It confirms that the hillocks are spherical and the whole sphere almost reaches out of the surface.
i-TS model calculations versus experimental results
Using the thermal spike model, Awazu et al. 36 calculated the ion track size directly from the radius of lattice temperature over the equilibrium melting point T m of rutile (2130 K). However, the latent heat of fusion (838.07 kJ/g 47 ), which is crucial for the transition of rutile from solid to liquid, was not considered. Furthermore, due to the transient and huge heating rate of the atoms, T m is actually not the adequate parameter to characterize the melting process, as experimentally proven by femtosecond laser experiments 48, 49 . As was also suggested by Rethfeld et al. 50 , the temperature that allows for homogeneous nucleation of a liquid phase induced by ultra-short pulsed laser irradiation should be ~1.4T m within a few picoseconds. Thus, without considering superheating, one probably underestimates the electronic energy loss threshold of track formation in rutile, and in turn overestimates the size of ion tracks under high electronic excitation 30, 32 .
Other than the boiling criterion, we assume that the melting criterion is associated with the ion track formation in irradiated rutile. The calculated results by i-TS model for 1390 MeV Bi irradiation are displayed in Fig 4. Within superheating scenario, the energy to melt E m has been considered as the criterion for the transition from solid to liquid phase 30, 32, 35 . For rutile, the energy to reach the melting point is 0.46 eV/at (initial temperature 300 K), while the solid to liquid phase transition energy (latent heat of fusion) is 0.23 eV/at 47 . Thus, the corresponding radius 4.3 nm can be determined by E m = 0.69 eV/at (Fig. 4a) . It must be emphasized that i-TS model just gives a prediction for initial track size without considering a recrystallization process.
One can notice that the lifetime of molten TiO 2 for different radial distances from the core is different (Fig. 4a ), for instance, the duration of molten phase for radius of 0.5 
Discussion
Why is the deduced track size by RBS/C close to the i-TS model prediction?
As observed by TEM, the morphology of ion track near the surface of rutile (~60 nm 23 ) is conical and the track radius in the deep is much thinner (~1 nm as shown in Fig. 1d) . Logically, the effective radius deduced from RBS/C, which assumes that the tracks have identical size and cylindrical symmetry 40 , is expected to be much smaller than our calculation by i-TS model. However, it is interesting that the deduced track size from RBS/C 40 agrees well with the present i-TS model prediction (Fig. 5) .
We suggest that it is the strained region 36, 51 and/or the defective channel around the track 54, 55 , which the RBS/C measurement is also sensitive to within its detection depth, attribute to the additional backscattering yield. Although RBS/C cannot obtain the real track size or final track size, if knowing that the timescale of track formation is usually several picoseconds, it gives the estimation of initial track size for the irradiated rutile with swift heavy ions.
What are responsible for sandglass morphology of ion tracks?
A reduced internal pressure near surface of rutile has been suggested to be responsible for the formation of conical morphology of ion track 24 . However, this model cannot explain why track morphology changes from an cylinder to a cone as a function of ion path length in the same thickness of thin sample as shown in Fig. 2a, 21, 24 , as they are all defined as non-amorphizable materials (or "resistant materials" in some literature) 30, 59, 60 .
We suggest that the near surface conical feature with small voids is not a general phenomenon, but limited to one kind of non-amorphizable materials that have a strong ability to recrystallize according to the original structure 59, 60 , and the molten phases have low viscosity and low density. The latter two enable the molten material near surface flow outwards moderately and cause partial mass deficiency for the voids formation in the track. Specifically, this near surface conical feature can be attributed to the competition of rapid fluid velocity and high recrystallization velocity during several picoseconds quenching. The specific lifetime of molten region induced by swift heavy ions is scaled with its radial distance from the core, i.e. the closer to the core, the longer lifetime of molten phase (Fig. 4) . The track size and cylindrical morphology in rutile calculated by i-TS model can be regarded as the initial track size and shape.
In the case of irradiated rutile by 1390 MeV Bi ions, the calculated radius of initial track R 0 is 4.3 nm, which is the same size as that of surface track obtained by TEM as shown in Fig. 1 , while the radius of thin track connecting two conical parts is about 1.0 nm. We suggest that this thin track is formed as a result that the initial molten region around the track has been recrystallized, because the matter here has not flowed outwards yet. The lifetime of molten phase in the core t core is 11.1 ps (Fig. 4a) .
Thus, the recrystallization velocity can be estimated as v Re = (4.3-1.0)/11.1=0.30 nm/ps.
The fluid velocity v f can be estimated from the equation (1) - (4), assuming the spherical hillock formed due to the molten TiO 2 expelled from the initial track near surface: 
where, V f and V h are the volume of molten TiO 2 flowing onto the surface and that of crystalline hillock, respectively, ρ l is density of molten TiO 2 (3.21 g/cm 3 ), ρ s is density of crystalline rutile (4.25 g/cm 3 ) and R h is the radius of hillock (5.1 nm). Duration of molten phase t(r) is a function of radial distance r from the core of thermal spike, which can be fitted by the i-TS calculation. Combining the equation (1) - (4), we get the v f as 1.82 nm/ps. It should be emphasized that this fluid velocity is just the mean value for the whole molten region and duration of molten phase, as the fluid velocity is assumed to be constant in the above calculation.
However, the fluid velocity should be a function of the radial distance from the core and the thermal spike evolution time. As a first approximation, we use the equation (5) 
Combining the equation (3)- (5) It can be inferred that the mass deficit is ~15% (i.e., Thus, different track morphologies can be obtained by changing the ion path length based on the experimental observations (refer to Fig. 1 and Fig. 2 ) and the thermal spike model analysis. This because that the velocity of fluid is much higher than that of recrystallization, which occurs at the interface between solid and liquid phase, and because the lifetime for molten phase is related to radial distance from the core of thermal spike. When the ion path length is long enough (>60 nm), the conical morphology near surface appears (Fig. 1c) . Especially, when the ion path length is about 150 nm, the sandglass ion track as shown in Fig. 1d appears. Oppositely, when the ion path length is very short (≤60 nm), the nearly cylindrical morphology appears (Fig. 1b) . For the bulk rutile, the lack of enough outflow of molten material and rapid recrystallization result in no visible tracks at a deep depth.
Other phenomena in irradiated rutile may be explained based on the above argument: (1) The radius of the thin track connected with two conical parts of track is about 1 nm (Fig. 1d ). It coincides with the radius of core of thermal spike, wherein the duration of molten phase is the longest (Fig. 4a) . (2) The deduced radius by RBS/C is strikingly close to the calculated track size, i.e. the initial track size before recrystallization, by i-TS model, as shown in Fig. 5 . The recrystallized region from the initial track, which acts as defective channels around the final track, probably contributes to the backscattering yield for the RBS/C measurement.
More interestingly, this model is applicable for both amorphizable and non-amorphizable materials irradiated by energetic heavy ions. For an amorphizable material, recrystallization is negligible. Consequently, the final track is amorphized with cylindrical shape. For a non-amorphizable material, the sandglass-like track is formed as a result of the competition between recrystallization and outflow of the molten material. The fluid velocity is scaled with the core-shell structure of thermal spike. Therefore, the specific angle and length of the cone depend on material and electronic energy loss. Especially, if the fluid velocity of molten material is large enough, the final track is cylindrical nanotube just like the case of ion-irradiated NiO 43 .
Methods
Swift heavy ion irradiation
Single crystals of rutile TiO 2 with sample size 10 × 10 × 0.5 mm 3 and two different orientations of (110) and (001) Table 1 . The calculated ion range in bulk samples is around 30-100 μm. However, by changing incidence angle and sample thickness, the actual penetrating length in a lamella sample was controlled to a range around 50-150 nm, which enables us to systematically investigate the change in track morphology as a function of ion length.
AFM and TEM characterization
To investigate the topography of the surface after irradiation, tapping mode AFM was performed using Cypher (Asylum Research, USA) at ambient atmosphere and Arrow-UHF (NanoWorld, Switzerland) with cantilever resonance frequencies of about 1.4 MHz. The images were analyzed using the built-in analysis software. The irradiated lamella samples were observed using a Tecnai G2 F20 S-TWIN TEM (FEI,
USA) operating at 200 kV.
Inelastic thermal spike model
Based on the inelastic thermal spike (i-TS) model 30, 32, 34 , two classical heat diffusion equations can be used to calculate the energy exchange between the electronic subsystem and atomic subsystem, driven by the temperature difference (T e -T a ) between the electronic subsystem temperature (T e ) and atomic subsystem temperature (T a ), which is stimulated by the energy inputs into the electronic subsystem A(r[ ], t) from the electronic stopping powers for specific ion velocity :
where C e , C a , K e and K a are the specific heats and thermal conductivities of the electronic and atomic subsystems, respectively. The electron-phonon coupling strength g is linked to the electron-phonon mean free path λ by the relation λ ~ K e /g 2 , which approximately equals B/g 2 (with B= 2 J/s/cm/K) in insulators 32, 34 , and is scaled with the band gap E g as determined by experimental results [32] [33] [34] 61 . Another key parameter in this model, the energy to melt E m [32] [33] [34] 61 , is 0.69 eV/at for rutile 47 . The detailed physical properties of rutile TiO 2 used for the i-TS model calculation are presented in Table 2 .
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